This study reports a novel forced-flow atomic layer deposition (ALD) process in which the precursors are forced to flow vertically through the highly porous substrate. The uniform coating in the interior of the hollow fiber membrane (length: 10 cm) indicates that the precursors are able to permeate through the pores within the membrane. Besides enabling faster processing, the new reactor design also improves precursor utilization efficiency. The new novel ALD reactor equipped with multiple reactors to increase the throughput offers a more uniform coating with good conformality on macroscopically 3-dimensional complex substrates with high aspect ratio. The improvement gained by this new reactor design brings a new research field for coating on 3-dimensional complex porous substrates.
Introduction
Conformal thin lm coatings that closely follows the morphology of the underlying structure is a crucial technology for fabricating nanoscale components. The deposition methods available for the growth of thin lms can be basically divided into physical and chemical processes. For the conventional physical vapor deposition (PVD) process, it is a line-of-sight deposition technique that does not permit conformal deposition throughout the matrix. 1, 2 In the chemical vapor deposition (CVD) process, depletion of precursor frequently limits uniform coating on a large surface area and it consumes precursors rapidly. 3, 4 Due to the limitations of these traditional deposition techniques, it is difficult to produce lms with a smooth outer surface and a uniform thickness on nanostructured substrates. Fig. 1 The forced-flow ALD system. The precursors and purge gas pass through six tubular reactors. ALD is an attractive technique that can satisfy these requirements because of the nature of its surface-controlled process, such as atomic scale deposition, uniform lm thickness, precise control of growth rate, variable composition control over a large range, and good conformality on substrate with complex topology. [5] [6] [7] [8] [9] Therefore, ALD is an ideal technique to grow conformal coatings of oxides, nitrides, suldes, etc.
10,11
The deposition process involves dosing with a rst reactant which is chemisorbed onto the substrate surface to form a (sub) monolayer. Aer a purge to remove excess reactant, a second reactant is introduced to form the species of interest by reacting with the already chemisorbed layer. The surface-limiting nature of the reaction achieved through alternate pulsing of the precursors results in the growth of lms with excellent largearea uniformity and high conformality, 12-16 offering a major advantage over line-of-site techniques such as sputtering and molecular beam epitaxy. An additional benet of ALD is that the deposition can be conducted at relatively low temperatures than other vacuum deposition techniques such as PVD and CVD, which guarantees low interdiffusion and the possibility to use organic or biological substrates.
17-19
Based on the ow path of precursor, two mainstream designs of ALD system have been categorized. The perpendicular-ow ALD has a ow path of precursor along the normal of substrate. On the other hand, the ow path of reactant in the cross-ow ALD is directed along the substrate surface. The traditional ALD can provide excellent coating conformality over planar structures on Si wafer for semiconductor applications. For high aspect-ratio substrates with complex morphology, however, only near the top surface region is coated due to low partial pressure of precursors. Therefore, it is not a time-and cost-effective way to obtain conformal coating on 3-dimensional nanostructured substrates with high aspect ratio by conventional ALD.
Ritala et al. 20 shortened the pulse time of ALD reaction, in which the precursors are forced to ow through the anodized aluminum oxide membrane from one side to the other. By this design, the precursor molecules transport faster to the pore wall inside the substrate, as compared to the diffusion process in conventional reactors. In this study, we report and demonstrate a new reactor design which enables rapid and uniform ALD coating on high aspect-ratio and mesoporous ber substrates based on the forced-ow concept. A new generation forced-ow ALD system that offers better uniformity and conformality and larger batch production capability is disclosed.
Experimental
A new vertical forced-ow ALD system has been designed, as shown in Fig. 1 , in which the precursors are forced to ow through the sample to be coated instead of by the diffusion process in conventional ALD equipment. Fig. 1 shows the gas inlets of non-metal and metal precursors from the right side. The precursors and purge gas then pass through six tubular reactors that can be further expanded to 18 reactors, as shown by the bottom plate. The bottom side is for evacuation. The specimens are placed in different reactors of the chamber to test the uniformity of deposition. TiO 2 thin lm was coated on Si wafer by ALD using titanium tetrachloride (TiCl 4 ) and H 2 O as the precursors for Ti and O, respectively, with the substrate temperature set at 100 C. Each cycle consisted of a TiCl 4 precursor pulse of 0.5 s, a purge with N 2 for 7 s, followed by a H 2 O pulse for 0.5 s, and a second purge with N 2 for 7 s to remove excess precursor and by-products. For the ALD of TiO 2 on polysulfone hollow bers, it was carried out with the durations of pulse time: 3.5 s and 0.5 s for TiCl 4 and H 2 O, respectively. The temperature of the polymer template was maintained at 100 C. The base pressure of the chamber was 9 Â 10 À3 torr, and the working pressures of TiCl 4 and H 2 O were controlled at approximately 1 torr and 23 torr, respectively. The TiO 2 /polysulfone hybrid structure was annealed in N 2 at 400 C without any dwelling time. The structure and composition of the composite sample were analyzed by X-ray diffraction (XRD, Shimadzu XRD 6000) using Cu K a radiation at 30 kV and 20 mA. The surface morphologies and cross sections of the specimens were examined by eld-emission scanning electron microscopy (FESEM, JSE-6500F). The thickness of the lms on Si wafer was measured by using an ellipsometer. Transmission electron microscopy (TEM) was conducted on a JEOL-3000F microscope operated at 300 kV. 
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Results and discussion
A. TiO 2 on Si wafer
In the rst example, TiO 2 was deposited on silicon wafer. The specimens were vertically placed in different reactors in the chamber to test the uniformity of deposition. Each Si substrate was cut to a dimension of 0.5 cm Â 8 cm. To force the precursors owing through the substrate, the substrates were placed into each of the 6 tube reactors. During the deposition process, the precursors were introduced from the upper part of the chamber, while the downstream of the precursor was continuously pumped away, thereby drawing the precursor and carrier gas molecules to ow through the substrate. Fig. 2 shows that a uniform TiO 2 thin lm is deposited on Si wafer aer 800 cycles of ALD. The surface of TiO 2 thin lm is very smooth. The TiO 2 lm thicknesses at various distances from the top end were measured using an ellipsometer (Fig. 3) . Within the accuracy of this measurement, the TiO 2 lm is uniformly coated through the whole substrate. The average thickness of 66.0 nm obtained by 800 cycles corresponds to a growth rate of 0.82Å per cycle.
B. TiO 2 on polysulfone ber
The vertical forced-ow ALD system also offers good uniformity and conformality for hollow ber substrate with a very high aspect ratio. The SEM images of an individual polysulfone hollow ber are shown in Fig. 4 . The wall is composed of numerous interconnected nanobers. Fig. 5 presents the ALD saturation curve of TiO 2 on the polysulfone hollow ber membrane template. The weight gain of TiO 2 with 400 cycles of deposition saturates at about 3.5 s, showing that further increase in pulse time of the TiCl 4 precursor does not thicken the TiO 2 coating, which indicates a complete coverage of the precursor molecules on the substrate. The SEM images of the cross sections of the TiO 2 /polysulfone with various durations of TiCl 4 pulse time are also shown in Fig. 5 . They are morphologically the same as the polysulfone template, and saturation of TiO 2 deposition is reached as the pulse time is increased to 3.5 s. Before reaching the saturated growth rate, the thickness of TiO 2 coating was not sufficiently high to maintain the integrity of polysulfone substrate. Fig. 6 shows that a uniform TiO 2 thin lm is deposited by 400 cycles of forced-ow ALD on a single polysulfone ber (length: 10 cm) which is used as a template and support. The TiO 2 / polysulfone hybrid structure was annealed in N 2 at 400 C without any dwelling time. As can be seen, the polymer template is well encapsulated by the TiO 2 thin layer along the length. Although the three positions vary remarkably in the distance from the top to the bottom, there is no obvious difference in the morphology and diameter located at different positions. The uniform coating in the interior of the hollow ber membrane indicates that the precursors are able to permeate through the pores within the membrane and react uniformly with the template surface. It is noted that the polysulfone is preserved to support TiO 2 with interconnected internal porous microchannels so that the mechanical properties of TiO 2 /polysulfone can be improved. Therefore, we have successfully conducted TiO 2 coating with a precise control of thickness on a single mesoporous polysulfone hollow ber based on the forced-ow design. Compared with conventional ALD methods, the present forced-ow ALD system offers the advantages of atomic layer control of lm thickness and excellent uniformity and conformality for metal oxide coating on mesoporous substrates with high aspect ratio. As mentioned above, the forced-ow ALD system is equipped with six tubular reactors in the reaction chamber. The next step was to extend to all reactors, and each of them was lled with a bundle of hollow bers for simultaneous deposition to test the scale-up feasibility. As shown in Fig. 7 , a good uniformity was achieved when six tubular reactors were used simultaneously. Indeed, this forced-ow ALD system enables uniform precursor ow along the multi-tube reactors with a high throughput in production that would benet the ALD system to be applied in the industrial scale.
The as-deposited TiO 2 by ALD was amorphous. Fig. 8 (a) shows the XRD pattern of the TiO 2 /polysulfone hybrid heated in N 2 to 400 C without any dwelling time. It exhibits a pure anatase phase of TiO 2 . The chemical composition of the TiO 2 / polysulfone hybrid was determined using energy dispersive Xray (EDX) spectrometry, as shown in Fig. 8(b) . The peaks of Ti and O can be clearly seen, indicating that the sample contains Ti and O elements. The presence of C can be ascribed to the remaining polysulfone membrane. The X-ray photoelectron spectrum (XPS) of the Ti binding energy shown in Fig. 8(c) further conrms that it is indeed a pure TiO 2 phase. The features of the TiO 2 hollow ber with interconnected core-shell nanobers or interconnected nanotubes can be appreciated by the comparison of the micrographs from SEM and TEM. As mentioned above, a bundle of long-ber samples can be loaded to each tubular reactor, as shown schematically in Fig. 9(a) . Fig. 9(b) shows the SEM image of the cross section of an individual as-prepared TiO 2 /polysulfone hollow ber prepared by 400 ALD cycles. It is morphologically the same as that of the polysulfone template, indicating great conformality of the ALD process. Fig. 9(c) shows that the TiO 2 /polysulfone hollow ber wall has a porous structure formed by interconnected core-shell nanobers. The wall thickness of TiO 2 coating is estimated to be 22.8 nm, corresponding to 400 ALD cycles of TiO 2 . The growth rate of TiO 2 is estimated to be 0.57Å per cycle according to the SEM observation, indicating that the polysulfone hollow ber is a suitable template for the forcedow ALD process. Aer annealing at 450 C for 1 h, the polysulfone template was removed, leaving only TiO 2 hollow ber. A portion of the sample was then examined by TEM, as shown in Fig. 9(d) . The wall thickness of a single nanotube is measured to be 22.5 nm, which is consistent with that estimated from the SEM micrograph ( Fig. 9(c) ). The surface area and average pore size of the bare polysulfone bers, measured by the BET (Brunauer-Emmett-Teller) analysis, were found to be 11.88 m 2 g À1 and 30.0 nm, and those of TiO 2 -coated bers were 8.76 m 2 g À1 and 24.6 nm, respectively. The reduction of these two values is presumably due to the shrinkage aer heating in N 2 at 400 C.
As forced-ow ALD is able to form a conformal coating with precise control over the lm thickness at atomic scale on either 2-dimensional or 3-dimensional substrates with a high aspect ratio, it can be extended to prepare many kinds of protection layer, multi-walled nanotubes, and other complex structures for industrial applications.
Conclusion
A new vertical forced-ow ALD system is disclosed, where the precursors are forced to ow through the substrate instead of by diffusion process. Therefore, the deep region of porous nanostructures can be reached by the precursors. This new design offers a higher throughput in production, better uniformity, and good conformality of coating on macroscopically 3- dimensional complex substrates with high aspect ratio, and also improves precursor utilization efficiency. This forced-ow reactor design opens new application areas and is expected to facilitate the development of new nanotechnologies.
